Nineteen carotenoids were identified in extracts of petals of orange-and yellow-flowered cultivars of calendula (Calendula officinalis L.). Ten carotenoids were unique to orange-flowered cultivars. The UV-vis absorption maxima of these ten carotenoids were at longer wavelengths than that of flavoxanthin, the main carotenoid of calendula petals, and it is clear that these carotenoids are responsible for the orange color of the petals. Six carotenoids had a cis structure at C-5 (C-5 0 ), and it is conceivable that these (5Z)-carotenoids are enzymatically isomerized at C-5 in a pathway that diverges from the main carotenoid biosynthesis pathway. Among them, (5Z,9Z)-lycopene (1), (5Z,9Z, 5 0 Z,9 0 Z)-lycopene (3), (5 0 Z)--carotene (4), and (5 0 Z,9 0 Z)-rubixanthin (5) has never before been identified. Additionally, (5Z,9Z,5 0 Z)-lycopene (2) has been reported only as a synthesized compound.
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Key words: Calendula officinalis L.; Compositae; petals; carotenoids; (5Z)-isomers Flowers owe their colors to flavones, anthocyanins, and carotenoids for the most part. Carotenoids are usually responsible for petal colors in the yellow-toorange range. Several investigations of the carotenoid compositions of petals have been reported. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Although the leaves of most plants have similar carotenoid compositions, carotenoids in petals show some distinctive compositions that depend on the plant species. 5) For example, the carotenoids of Compositae species tend to have lutein and/or lutein derivatives as major components; 1, 2, 12) the petals of Tagetes erecta contain a large amount of lutein, an -carotene derivative (about 91% of their total carotenoids). 6) We showed previously that approximately 92% of total carotenoids isolated from chrysanthemums are lutein and/or lutein derivatives. 7) Calendula (Calendula officinalis L.), which belongs to the Compositae, is an important ornamental plant, and the dried petals are used, for example, as an herb tea and in cosmetic products. The color of the petals of yellow and orange varieties originates from carotenoid pigments. Some calendula carotenoids have been characterized by TLC and HPLC, 1, 12) but their precise molecular structures have not been determined and several unknown components remain to be elucidated.
Here we report the results of a detailed investigation showing that calendula petals have characteristic differences in carotenoid composition between orange-and yellow-flowered cultivars. In addition, we identified five carotenoids as natural products for the first time, including three cis forms of lycopene (1-3), (5 0 Z)--carotene (4), and (5 0 Z,9 0 Z)-rubixanthin (5).
Materials and Methods
General experimental procedures. UV-vis spectra of the mobile phase of HPLC runs were recorded with a Jasco MD-915 photodiode array detector. FABMS spectra were recorded with a JEOL SX 102 mass spectrometer with nitrobenzyl alcohol as the matrix. Plant materials. Three orange-flowered cultivars (cv. Alice Orange, Orange Star, and Orange Zem) and three yellow-flowered cultivars (cv. Alice Yellow, Gold Star, and Golden Zem) of calendula (C. officinalis) were grown in greenhouses at the National Institute of Floricultural Science (Tsukuba, Japan), and petals were harvested from fully-opened flowers (Fig. 1) .
Isolation of carotenoids. An Me 2 CO extract of fresh petals (40 g) of calendula flowers was partitioned between diethyl ether and aqueous NaCl. The organic layer was concentrated to dryness. The residue was saponified with 5% KOH-MeOH for 3 h at room temperature. Then the saponified matter was extracted with diethyl ether and washed with water. The organic layer was dried over Na 2 SO 4 and then concentrated to dryness. Compounds were purified and fractionated by HPLC on a YMC Carotenoid column, as described above. Nineteen carotenoids in the extracts of calendula petals were fractionated (Table 1, Fig. 2 ). Peaks 2, 5, 6, 7, 8, 10, 11, and 19 were identified by comparison of retention time and absorbance spectra on HPLC with standards (peaks 6, 7, 10, 11, and 19) and with components previously identified in petals of chrysanthemum (peaks 2, 5, and 8).
7) The remaining peaks were identified by 1 H-NMR, FABMS, and UV-vis spectroscopy.
(5Z,9Z)-Lycopene (1). Yield: approx. 4.5 mg from 40 g fresh petals;
1 H-NMR (500 MHz, CDCl 3 ): Table 2 
Results and Discussion
Carotenoid extracts of mature petals of six yellowand orange-flowered calendula cultivars were analyzed by HPLC on a YMC Carotenoid column. Distinctive differences in HPLC chromatograms were found between orange-flowered cultivars (cv. Alice Orange, Orange Star, and Orange Zem) and yellow-flowered cultivars (cv. Alice Yellow, Gold Star, and Golden Zem) (Fig. 2) . In all, 19 peaks were observed in cv. Alice Orange, and, of these, ten peaks (peaks 9, 10, and 12-19) were detected only in orange-flowered cultivars. Hence we used an extract from petals of cv. Alice Orange for component analysis. Peaks 2, 5-8, 10, 11, Table 2 for all-E and the other three isomers. The geometry of the polyene chain was determined from the isomerization shift values (Á ¼ Z À E) of the 1 H-NMR 14) and NOESY data ( Table 2 , Fig. 3 ). For example, in the 5Z,9Z isomer (1), 1 H signals for H-2, H-4, H-6, H-8, and H-11 were drastically downfield shifted with respect to those of the all-E isomer; in contrast, H-10 and H-12 showed high-field shifts relative to that of the all-E isomer. These isomerization shifts are characteristic of 5Z,9Z geometry. 14,15) Furthermore, NOESY correlations between H-18 and H-6, H-4 and H-7, and H-19 and H-7 clearly indicated the presence of 5Z,9Z geometry. The geometries of 2 and 3 were determined in a similar manner. Compounds 1 and 3 are new lycopene isomers never reported. Compound 2 was previously synthesized by Hengartner et al., 15) but it had not yet been isolated from nature. This is the first report of the isolation and full characterization by 1 H-NMR of 1, 2, and 3 as natural products. We isolated (5 0 Z)--carotene (4, peak 16) and (5 0 Z, 9 0 Z)-rubixanthin (5, peak 9), never before identified, and fully characterized them by 1 H-NMR, including 1 H-1 H COSY and NOESY experiments (Table 3) . Since the 1 H signals for H-2 to H-20 in 4 and 5 were identical to those of the corresponding all-E isomer, 14) only H-2 0 to H-20 0 are shown in Table 3 . The geometry of the polyene chain was determined from the isomerization shift values and NOESY data. In compound 5, 1 H signals for H-2 0 , H-4 0 , H-6 0 , H-8 0 , and H-11 0 were down-field shifted with respect to those of the all-E isomer; in contrast, H-10 0 and H-12 0 showed high-field shifts relative to that of the all-E isomer. These isomerization shifts are characteristic of 5Z 0 ,9Z 0 geometry. 14, 15) The geometry of 4 was determined in a similar manner.
The other six carotenoids were identified by 1 H-NMR, FABMS, and UV-vis data: (8 0 R)-luteoxanthin (peak 1, Fig. 2 ), (8R)-flavoxanthin (peak 3), (8R,8 0 R)-auroxanthin (peak 4), (5 0 Z)-rubixanthin (6, peak 12), -carotene (peak 13), and -carotene (peak 15) ( Table 1) .
-carotene, -carotene, and (all-E)-lycopene have previously been reported in petals of calendula. 1) We identified the other 11 carotenoids in the present investigation.
Ten carotenoids, ( (1) and (all-E)-lycopene, are present in orange-flowered cultivars but not in yellow-flowered ones (Fig. 2, Table 1 ). Their UV-vis absorption maxima are at 25-50 nm longer wavelengths than that of flavoxanthin, the main carotenoid of calendula petals. Since very little anthocyanin was found in the petals of either the orange-or the yellow-flowered cultivars (data not shown), it appears that these 10 carotenoids contribute to the orange color of calendula petals.
Six carotenoids (1-6, Fig. 3 ) out of these 10 have a cis structure at C-5 (or C-5 0 ). Generally, carotenoids having a (5Z)-or (5 0 Z)-configuration are very rare in plants. The best-known carotenoid having such a structure is (5 0 Z)-rubixanthin (6), which was known as gazaniaxanthin, the main carotenoid in petals of gazania (Gazania rigens).
16) It has also been isolated from rose petals 4) and rose hips. 17, 18) Märki-Fischer et al. 18) have reported two more carotenoids having a (5Z) or (5 0 Z) structure from rose hips: (5Z)-neurosporene and (5 0 Z,13Z)-or (5 0 Z,13 0 Z)-rubixanthin. They explained that the "-end groups, for example, as found in -carotene andcarotene, probably arise by enzymatic cyclization of precursors having a 5Z or 5 0 Z geometry, and isolation of (5Z)-carotenoids supported this hypothesis. But Cunningham et al. 19) isolated lycopene "-cyclase from Arabidopsis and found that the enzyme catalyzes the transformation of (all-E)-lycopene to -carotene in one reaction step without any intermediary metabolites. Therefore, it is conceivable that these (5Z)-carotenoids in higher plants are not precursors of carotenoids having an " ring but are enzymatically isomerized at C-5 in a pathway that diverges from the main carotenoid biosynthesis pathway. We assume that lycopene cyclases, such as lycopene "-cyclase and lycopene -cyclase, cannot convert the (5Z)-end into a ring structure, such as aring or "-ring, and that (5Z)-carotenoids accumulate accordingly. Since six (5Z)-or (5 0 Z)-carotenoids, including the five newly identified carotenoids described above, are unique to orange-flowered cultivars, and yellow-flowered cultivars do not accumulate any 5Z or 5 0 Z compounds, it appears that C-5 isomerization activity exists only in orange-flowered cultivars.
In conclusion, our results indicate that petals of calendula have a unique carotenoid composition reflecting their color. Further research on the genetic background of calendula should clarify the factors that determine petal color.
